The purpose of this study was to determine the influence of surface treatment of glass-ionomer (GIC) on bond strength of resin composite and surface free energies. Specimens were prepared and divided into three groups as follows: without pretreatment (control), phosphoric acid etching, and air-abrasion. Adhesive was applied and resin composite was bonded. For conventional GIC, acid etching or air-abrasion increased bond strength (8.5-8.8 MPa) when compared with controls (4.7 MPa); however, RMGIC resulted in significantly lower bond strengths (10.3-15.8 MPa) than in controls (14.2-20.5 MPa). The value of the γ S − component increased when conventional GIC was treated with phosphoric acid or air-abrasion (60.1-60.5 mJ•m −2 ) when compared with controls (52.8 mJ•m -2 ). These results indicate that surface treatment of conventional GIC promoted higher bond strength to resin composite and higher Lewis-base components, but decreased bond strength for RMGIC.
INTRODUCTION
The sandwich or laminate technique employs the bonding ability of glass-ionomer cement (GIC) to seal the cavity floor and prevent microleakage 1) . In class II and class V resin composite restorations, it is recommended to use GIC liner at the gingival floor, particularly when the margin is extended to the root surface 2) . GIC provides better retention and seal due to chemical bonding to the tooth structure, reducing microleakage and marginal gap in non-enamel margins. GIC also has the ability to release fluoride ions, thereby decreasing the possibility of recurrent caries 3, 4) . This technique benefits from the advantages of fluoride release combined with aesthetic resin material to enhance clinical serviceability. However, the bond between conventional GIC and resin composite is limited by the low cohesive strength of this material, and by minimal chemical bonding between two materials due to the different chemical reactions 5) . Clinically, the GIC lining/base contain micro-porosities and have a surface roughness that will provide micro-mechanical bonding to the resin composite. Cohesive failure through GIC has been reported to be the predominant failure mode in shear testing of GICs 6) . With the introduction of resinmodified (RM) GIC, moisture sensitivity and low physical properties have been improved, thereby leading to good clinical performance 7) . Bond strengths between RMGIC and resin composite are a combination of chemical and mechanical bonding, although the true contribution of chemical bonding has not been clearly determined.
The common method for GIC as a laminate technique is acid etching of the cement surface, application of the adhesive and finally placing resin composite. Some studies have demonstrated that acid etching enhances the bond strength due to increases in mechanical retention 8) ; however, this has not been confirmed by other studies 9, 10) . Such controversial results have been reported based on the bond between GICs and resin composites. Another method of pretreatment for GIC surfaces is air-abrasion to increase surface roughness. Air-abrasion produces a rough, irregular surface with increased surface area, thereby increasing bond strength 11) . Although air-abrasion is reported to be a promising technique to achieve minimally invasive cavity preparation, there is little information on the effects of GIC bond strength on resin composite 12) . The acid-base properties (in the Lewis sense) of polymers make a major contribution to interfacial interactions with liquids that can potentially form hydrogen bonds 13) . Fowkes was the first to use the acid-base concept in applications based on surface chemistry 14) . According to his theory, the acid-base properties of solids can be quantitatively characterized by many techniques, including the contact-angle approach. There has been a focus on the interactions between phases across interfaces, and on the types of force acting between molecules, and it has been assumed that different types of force that act independently of one another are necessary. Based on the theory of interfacial interactions, surface energy is assumed to comprise two components: non-polar (hydrophobic) and acid-base (hydrophilic) interactions 15) . The present study examined the influence of surface treatment on bond strength between GICs and singlestep self-etching adhesive, and the surface free energies of treated GICs. Laser scanning microscopy (LSM) and electron scanning microscopy (SEM) observation were performed on the treated GIC surface. The null hypothesis was that the bond strength and surface free energy are not affected by surface treatment method.
MATERIALS AND METHODS

Materials tested
One conventional GIC (Fuji IX GP; GC Corp., Tokyo, Japan), and two RMGICs (Fuji II LC EM, Fuji Filling LC; GC Corp.) were used, as listed in Table 1 . The single-step self-etching adhesive used was G-Bond Plus (GC Corp.), and the light-cured resin composite Clearfil AP-X (Kuraray Noritake Dental Inc., Tokyo, Japan) was used ( Table 1 ). An Optilux 501 visible-light-activating unit (Kerr, Orange, CA, USA) was used, and the power density (800 mW/cm 2 ) of the light output was checked with a dental radiometer (Model 100; Kerr) before the specimens were prepared.
The treatment agent for the set cement was 35% phosphoric acid (Gel Etchant, Lot No. 3676600; Kerr) ( Table 1) .
Specimen preparation
A Teflon sprit mold (6 mm in diameter, 4 mm in height) was used to prepare cement cylinders. Cements were hand mixed according to the manufacturers' instructions, inserted into the mold and a transparent matrix (Epitex, GC Corp.) was added to give a smooth surface. For RMGICs, specimens were light irradiated for 20 s.
Specimens of each cement were divided into three treatment groups including the no treatment (control) group (Fig. 1 ). In the phosphoric acid-etched (PE) group, Gel Etchant was applied for 15 s to the cement Table 2 Surface free energies and parameters of test liquids (mJ•m surface, followed by rinsing with distilled water for 10 s. In the air-abrasion (AB) group, airborne particle abrasion with 50-μm aluminium oxide at 0.3 MPa for 5 s was applied to the cement surface. These specimens were then used in bond strength and surface free energy measurement.
Bond strength test
A piece of double-sided adhesive tape, with a 4-mmdiameter hole, was firmly attached to define the adhesive area of the cement for bonding. Adhesives were applied to the cement surface for 10 s, and dried with oil-free compressed air at a pressure of 0.2 MPa administered from a point 5 cm above the surface using a three-way syringe, followed by light irradiation for 10 s. A Teflon mold (2.0 mm in height and 4.0 mm in diameter) was used to shape the resin composite and to hold it in place on the cement surface. The resin composite was condensed into the mold and light-cured for 40 s. Finished specimens were transferred to distilled water and stored at 37°C for 24 h. Subsequent to mounting of the specimens in acrylic blocks, ten specimens per group for each cement were tested in shear mode using a shear knife-edge testing apparatus in an Instron testing machine (Type 4204; Instron Corp., Canton, MA) at a cross-head speed of 1.0 mm/min. The shear bond-strength values (in MPa) were calculated from the peak load at failure divided by the specimen surface area. After testing, specimens were examined under an optical microscope (SZH-131; Olympus Ltd., Tokyo, Japan) at a magnification of ×10 in order to define the location of the bond failure. The type of failure was determined based on the percentage of substrate-free material as adhesive failure, cohesive failure in composite or cohesive failure in cement.
Surface free energy measurement
The surface free energies of five specimens per group for each cement were determined by measuring the contact angle on the surface for three test liquids, distilled water, 1-bromonaphthalen and ethylene glycol, each of which has known surface free-energy parameters ( Table 2 ). The Drop Master DM500 apparatus (Kyowa Interface Science, Saitama, Japan) was fitted with a charge-coupled device camera, which allowed automatic measurements of the contact angles to be taken 16) .
For each test liquid, the equilibrium contact angle (Ө) was measured using the sessile-drop method at 23±1°C for five specimens of each cement. The surface free energy parameters of the solids were then determined based on the fundamental concepts of wetting (24) .
The Young-Dupré equation describes the work of adhesion (W) for a solid (S) and a liquid (L) that are in contact as follows:
Here, γ SL is the interfacial free energy between the solid and liquid, γL is the surface free energy of the liquid and γS is the surface free energy of the solid. By extending the Fowkes equation, γSL is expressed as follows:
Here, γ is the surface free energy, LW denotes the Lifshitz-Van der Waals force (or dispersion) component of γ, +denotes the Lewis acid (or electron acceptor) component, and −denotes the Lewis base (or electron donor) component. After the γ S LW , γL + and γS − had been determined, the polar component of the surface free energy (γ S AB ) was calculated as follows:
Ө values were determined for the three test liquids. The surface-energy parameters of the adhesive surfaces were calculated based on the equations using add-on software, and the interface measurement and analysis system (FAMAS, Kyowa Interface Science).
Statistical analysis
Analysis of variance (ANOVA) followed and Tukey's honestly significant difference (HSD) test (α=0.05) were conducted. All statistical analyses were carried out using the Sigma Stat software system version 3.1 (SPSS Inc., Chicago, IL).
SEM
Ultrastructural observation of the cement surfaces was carried out by SEM for all the specimens tested, and the representative pictures were shown. All SEM specimens were dehydrated in ascending concentrations of tertbutanol (50% for 20 min, 75% for 20 min, 95% for 20 min, and 100% for 2 h), and were then transferred to a critical-point dryer for 30 min. Surfaces were coated in a vacuum evaporator (Quick Coater Type SC-701; Sanyu Denshi Inc., Tokyo, Japan), with a thin film of Au, and were observed by SEM (ERA 8800FE; Elionix Ltd.) at an operating voltage of 10 kV with a magnification of ×2,500.
LSM
Specimens from each condition were treated using the same methods and were observed under a threedimensional laser scanning microscope (VK-8700; Keyence Corp., Osaka, Japan). Excitation light had a wavelength maximum at 658 nm. The intensity of the excitation light as well as the amplification of the photomultiplier was kept constant during the observation period. The size of the images recorded was 81.5×71.5 μm 2 , and the resolution was 1024×768 pixels. Images were recorded at four locations on tooth surfaces.
RESULTS
The influence of surface treatment on the shear bond strength of GICs to resin composite is shown in Table 3 . Two-way ANOVA revealed that there were statistically significant differences for type of cement (p<0.001) and surface treatment (p=0.012), as well as for their interaction (p<0.001). For the control groups, the bond strength of conventional GIC was significantly lower (4.7 MPa) than RMGICs (14.2 MPa for FL, 20.5 MPa for EM). The mode of failure appeared to be associated with the bond strength; the predominant mode was cohesive failure in cement for all GICs tested. For the conventional GIC, significantly higher bond strengths were obtained when the cement surfaces were phosphoric acid etched or air-abraded (8.5-8.8 MPa) than in controls (4.7 MPa). On the other hand, significantly lower bond strengths were obtained when the cement surfaces were treated for RMGICs (14.7-15.8 MPa for EM, 10.3-11.6 MPa for FL) than controls (20.5 MPa for EM, 14.2 MPa for FL).
The surface free energies and their components for the cements are shown in Table 4 . The total surface free Smooth surfaces consisted of matrix and glass cores were observed for the control groups. Destruction of the cement surfaces was evident with acid etching or air-abraded specimens compared to the control specimens. Rough and porous surface with the protruded glass cores were observed for the three GICs, and small cracks were observed with RMGICs. Destruction of the cement surfaces was evident with acid etching or air-abraded specimens when compared to control specimens. Rough and porous surfaces with protruding glass cores were observed for the three GICs, and small cracks were observed with RMGICs.
DISCUSSION
In clinical situations, a restorative procedure based on a laminate technique using GIC with resin composite is sometimes recommended. For such cases, not only the bonding of GIC to dentin, but also optimal bonding between GIC and resin composite is an important factor in the success of the restoration. From the results of current study, bond strength of RMGICs to resin composite was higher than conventional GIC and the result is consistent with previous studies 17) . Bonding mechanisms between GIC and resin composite have been attributed to micromechanical retention to surface irregularities, roughness and porosities. For RMGIC, chemical bonding is thought to be involved, leading to higher bond strength. The presence of resin components in RMGIC can be effective in increasing bond strength and mechanical properties. The cohesive failure pattern of cements was the predominant failure mode for all three GICs tested. The susceptibility of GICs to this type of failure is likely to be due to limitations in their mechanical properties. Other factors related to cohesive failure in the cement may be caused by unstable stress distribution during testing 18) , microporosities within the cement acting as stress points, and stress development during polymerization of resin composite.
Bond strengths between conventional GIC and resin composite were significantly higher in the acidetched (PE) group than in the control group, and there were no significant differences between the PE and air-abrasion (AB) group. From the results of previous research, acid etching of conventional GIC increases bond strength to composite resin 19) . Phosphoric acid preferentially attacks the matrix of the hardened conventional GIC, resulting in a rough and porous surface which is a retentive surface to increase the adhesion to resin composite 20) . Based on LSM and SEM observation, increases in surface irregularities of GICs with acid etching or air-abrasion were observed, while a relatively smooth surface was seen in the control group (Fig. 2) . All of the fracture modes shifted to cohesive failure in cement for the PE and AB groups, which demonstrates the positive effects of these surface treatments in improving the mechanical adhesion between conventional GIC and composite resin.
In this study, single-step self-etch adhesive 21) was used for bonding of resin composite to GOCs. The etching effects of self-etch adhesives is related to the acidic functional monomers, which interact with the mineral components of the tooth substrate, creating a continuous flow between the tooth surface and the adhesive by simultaneous demineralization and resin penetration 22) . Water is an essential component of adhesives, which allows them to generate the hydrogen ions required for effective dissolution and demineralization. Protons in solution derived from the acidic monomers interact with the mineral components of the tooth substrate 23) , so there is potential for bonding to cations such as Ca 2+ or Sr in the glass core of the GIC, leading to higher bond strength 24) . Adverse interactions are not thought to occur between acidic monomers and light-polymerized catalysts, as time-dependent acid-base reactions occur between the remaining acidic functional monomers and the mineral components of the conventional GIC.
On the other hand, surface treatment of RMGIC surfaces showed negative effects on bond strength to resin composites. The surface treatments may create a weak zone with cracks, which can be partially reinforced with adhesive, but during shear bond testing, failure occurs in this weakened region. An alternative explanation for the bond strengths observed in the RMGICs could be the removal of the resin-rich layer on the surface of RMGIC. It has been reported that the oxygen-inhibited layer is always produced when resin based material is polymerized in air 25) . The residual unreacted methacrylate groups on the polyacid chain within the oxygen-inhibited layer has been suggested to form strong chemical bonds with the resin composite 26, 27) . Acid etching or air-abrasion of RMGIC can result in lower shear bond strength as these surface treatments may partially or completely remove methacrylate groups in the availability of the oxygen-inhibited layer, which contributes to copolymerization with resin composite. However, this type of adhesion of RMGIC must be reconsidered from the viewpoint of interactions between the adhesive surfaces.
Optimal interaction is important to enable the self-etch adhesive to spread across the entire cement surface and to establish adhesion between GICs and resin composite. The factors that influence the wetting of a solid by a liquid include the relative surface free energy of the solid and the surface tension of the liquid. To achieve optimal wettability, the surface free energy of the solid (γ S) must be maximized, and the liquid should exhibit a lower contact angle to the solid 28) . From the results of this study, the influence of surface treatment on γ S values corresponded to the results of bond strength data, with higher γS values indicating higher bond strengths (Table 4 ). The γS LW values of the GIC surfaces tended to be relatively constant (38.8-42.0 mJ•m −2 ), regardless of surface treatment, and there were no significant differences among the GICs used. This is attributable to the adsorption of a so-called 'atmospheric contamination layer', particularly if the surface is activated chemically and/or mechanically 29) . The wettability variations of different GICs are influenced by Lewis acid and base interactions. The acid component (γ + ) at the interface interacts with the base component (γ − ). These interactions, some of which are numerically small, might be the determining factor in the wettability of the GICs.
In aqueous media, the polar or γ S AB interfacial terms mainly comprise the interactions between hydrogen donors and hydrogen acceptors or, more widely, those between all electron acceptors (γ + ) and electron donors (γ − ) 30) . The γ S LW value was not notably affected by the instrumentation of the cement surfaces; however, the γ S + value changed slightly, and γ S − increased substantially, following acid etching and abrasion of the surface of conventional GICs. The results of this study showed that the γ S + and γ S − values of cement surfaces were significantly related to the bond strengths of conventional GIC. The functional groups used in the self-etch adhesive will dissociate to release protons in aqueous solutions, and will be able to react with the fluoroalumino silicate glass (proton acceptor), which is a typical glass ionomer acid-base reactions 31) . Apart from wetting effects, these proton-releasing functional groups may establish surface chemical reactions to a certain extent when applied at sufficient concentrations.
The chemical interaction was attributed to the cement surface, on which the Lewisbase component of the γ S − remained, and this might act as an electron donor. Increasing the Lewis-base component of surface free energy of the conventional GIC is expected to increase the interactions with acidic self-etch adhesive 32) . For RMGICs, essential differences of acid-base component values were observed. The electron-donor (Lewis base) properties of the control group were found to be significantly lower than those of the PE and AB groups, and this was accompanied by a small increase in the electron-acceptor component. When the cement specimens were prepared, a transparent matrix was placed on the mold to make the free surface of the cement smooth. The γ S − values for the control group were relatively low (12.7-16.0 mJ•m −2 ), because the surface layer of the set cement contained a resin componentrich layer 33) . The presence of unreacted methacrylate groups on the set TMGIC may create a stable bond with the resin composites, leading to much higher bond strengths than bonding to fluoroalumino silicate glass.
The present study indicated that the surface treatment of the conventional GIC promoted higher bond strength to resin composite, but decreased bond strengths for RMGICs. The RMGIC surfaces should be left untreated to obtain optimal bonding to resin composite, this is due to similar chemistry between RMGIC and the resin composite, which allows strong chemical bonding of RMGIC to the composite resin.
